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In this paper we theoretically analyze the effects of the Fermi surface (FS) shape on the magnetic oscilla-
tions in quantizing magnetic fields in quasi-two dimensional layered conductors. The theory is developed basing
on a phenomenological model for the electron energy spectra introduced in the paper. The model enables to
take into consideration various Fermi surface profiles, and this gives it the advantage over the commonly used
tight-binding approximation. It is shown that when the FS curvature becomes zero at an effective cross-section
with maximum/minimum cross-sectional area, this could significantly affect amplitude, shape and phase of the
oscillations as well as the field dependence of the amplitude.

PACS: 71.18.+y, 72.15.Gd

In the last two decades quasi-two-dimensional (Q2D)
materials with metallic-type conductivity (e.g. organic
metals, intercalated compounds and some other) have at-
tracted a substantial interest, and extensive efforts were
applied to study their electron characteristics. Mag-
netic quantum oscillations are frequently used as a tool
in these studies [1, 2]. A theory of magnetic oscilla-
tions in Q2D materials was proposed in several works
(see e.g. Refs. [3—10]). Significant progress is already
made in developing the theory but there still remain some
points not taken into account so far. The purpose of the
present work is to contribute to the theory of de Haas-
van Alphen oscillations in Q2D conductors by analyzing
one of these points, namely, the effect of the Fermi sur-
face (FS) curvature on the amplitude and shape of the
oscillations.

This effect could be easily given a physical explana-
tion (see e.g. Refs. [11,12]). In general, quantum oscilla-
tions in various observables are specified with contribu-
tions from vicinities of effective cross-sections of the FS.
Those are cross-sections with minimum and maximum
sectional areas. When the FS curvature becomes zero
at an effective cross- section, the number of electrons
associated with the latter increases, and their response
enhances. This may significantly strengthen the oscil-
lations originating from such cross- section and change
their shape and phase.

The Fermi surfaces of Q2D metals are known to
be systems of weakly rippled cylinders. Ignoring the
anisotropy of the energy spectrum in conducting layers
planes, the latter could be written out as follows [13, 14]:
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Here, z axis is assumed to be perpendicular to the con-
ducting layers, p,,p, are the quasimomentum projec-
tions on the layer plane and on the z axis, respectively;
m is the effective mass corresponding to the motion of
quasiparticles in the layers plane; and d is the interlayer
distance. The sum of the Fourier series €(p,d/h) is an
even periodic function of p, whose maximum and min-
imum values equal +1. The parameter ¢ in this expres-
sion (1) is the interlayer transfer integral whose value
determines how much the FS is warped. When ¢ goes to
zero the FS becomes perfectly cylindrical.

By introducing this expression we get opportunities
to describe Q2D FSs of various profiles (see Fig.1). In
particular, assuming that €¢; = 1 and all remaining coef-
ficients €, in the Fourier series in Eq. (1) equal zero, we
arrive at the well known tight-binding approximation:

Dz

— 2t cos( hd> . 2)

The latter corresponds to a simple cosine warping of
the FS. The adopted model (1) enables us to analyze
the influence of the FS profiles on magnetic oscillations
in strong (quantizing) fields. As shown below, these
studies bring some nontrivial results which could not be
obtained within the tight-binding approximation.

Here, we analyze quantum oscillations in the magne-
tization (de-Haas — van Alphen effect) so we start from
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Fig.1. Schematic plots of a Fermi surface with a cosine warping corresponding to the tight-binding model (left), and a Fermi
surface of a complex profile including cross- sections with maximum areas where the FS curvature becomes zero (right)

the standard expression for the longitudinal magnetiza-
tion:

The magnetization depends on the temperature 7' and
the chemical potential y. The expression for the ther-
modynamic potential could be written out in a usual
fashion:

QB,T,u) = -TY In {1 +exp [(u— E)/T]}. (4)

In this expression the summation is carried over all
possible states of quasiparticles. When a strong mag-
netic field is applied the quasiparticles have the Landau
energy-spectrum, so the expression (1) takes the form:

Eno.(p:) = hw (n + %) + ohwo — 2te (p;id> . ()

Here, w is the cyclotron frequency, wy = BB; 3 is the
Bohr magneton, and ¢ is the spin quantum number. In
further consideration we assume as usually, that the cy-
clotron quantum Aw is small compared to the chemical
potential . Then the expression for the thermodynamic
potential could be presented as a sum of a monotonous
term Qo and an oscillating correction AQ:

BRI Ve ANy
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(6)

The function I,(E,) is given by:

2

I.(E,) = 2Im/exp [ir)‘

weAEp)|dp. (1)

where ) is the magnetic length, and A(E,,p,) is the
cross- sectional area.

Until this point we followed the well-known Lifshitz
and Kosevich (LK) theory in derivation of the expres-
sion for AQ. As a result we arrived at Egs. (6),(7)
which are valid for conventional 3D metals as well as for
Q2D and perfectly 2D conductors. Diversities in the ex-
pressions for AQ appear in the course of calculations of
the function I.(E,). These calculations bring different
results for different FS geometries. In deriving the stan-
dard LK formula it is assumed that the F'S curvature is
nonzero at the effective cross-sections with the extremal
areas A, and I.(E,) is approximated using the sta-
tionary phase method. In the case of Q2D conductors
we can use this method when the FS warping is not too
small (¢ > hw). As a result we get:

[ hw = (=1)"R(r)
AMH = —2N,@ o2t Z 7”.3/2 X
r=1

) F d7rt  w
x sin (27r1‘§) cos (H - Z) . (8)

Here, F = cAe;/2mhe; N is the density of charge car-
riers, and R(r) accounts for the effects of temperature,
scattering and spin splitting:

R(r) = Rr(r)Rp(r)Rs(r). (9)

The damping factors Rr(r), Rp(r) and Rg(r) are writ-
ten in their usual form [15].

For 2D metals the calculations of I.(E,) are trivial
for the FS is a cylinder and the cross-sectional area does
not depend of p,. In this case we obtain [8]:

AM = -2NB)_ %R(r) sin (m«%) . (10)

Within the tight-binding approximation (2) one can ex-
pand the integrand in the Eq. (7) in Bessel functions and
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easily carry out integration over p,. Then A M) takes the
form [16]:

AM = -2NBY_ %R(rm (42:) sin (2m~%) :
r=1

(11)

When the FS warping is negligible (¢ < hAw) this ex-
pression passes into the previous formula (10) describ-
ing the magnetization of a 2D metal. In the opposite
limit (¢ > hw) one can use the corresponding asymp-
totic for the Bessel functions Jy(47rt/hw). As a result
the expression for AM); is transformed to the form (8).

Before we proceed we remark that within the tight-
binding model the F'S curvature takes on nonzero values
at both effective cross-sections:

2 2
Kop = —— (M> _ 2y (§> . (12)
2Ac. \ dp2 /., Acy h
Therefore this commonly used approximation sometimes
is not suitable to analyze the effects of the F'S shape in
Q2D metals.

To analyze these effects we return back to our gen-
eralized energy-momentum relation (1). Then the sec-
ond derivative d?A/dp? must become zero at p, = p*
as follows from the expression for the FS curvature at
the effective cross-section (12). So, using the energy-
momentum relation (1) we assume that the F'S curvature
becomes zero at the effective cross-section at p, = p*.
Then we can write the following expansion for the cross-
sectional area:

A(E,p;) = Acz(E) + dntm Y an(E)(p; — p*)™"

n=l

(13)
where [ > 1;

an(E) = ﬁ (%)p,:pw

Assuming the series included in (13) rapidly con-
verges [ant+1(F) < an(E)] we may keep only the first
term in this expansion in further calculations when the
FS warping is pronounced so that 4mta;/tQ > 1, we
may apply the stationary phase method to compute the
integrals (7). Then we arrive at the expression for the
oscillating part of the magnetization:
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Here, p = 1+ 1/2l, Vp is the FS volume in a single
Brillouin zone, I'(p) is the gamma function and

Ae.’B Aez
o = I(p [

1/21
_— . 1
Vo 47rtmla1] (15)

The FS shape near p, = p* is determined by the shape
parameter [. When [ = 1 the FS has a nonzero curva-
ture at the considered cross-section. In this case Eq.
(14) agrees with the LK result (8). When I — oo Eq.
(14) passes into the expression (10) describing magne-
tization oscillations in 2D conductors. In general, one
may treat [ as a phenomenological parameter whose ac-
tual value could be found from experiments. The greater
is the value of this parameter the closer is the FS to a
cylinder near p, = p*.

Oscillations in magnetization described by the ex-
pression (14) may vary in magnitude, shape and phase
depending on the value of the shape parameter [. This
is illustrated in the Fig.2. As shown in this figure, when
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Fig.2. De Haas-van Alphen oscillations described by the
Eq. (14) for I = 4 (left panel) and I = 1 (right panel). Cal-
culations are carried out for T =Tp = 0.5K, Bo = 10T,
F/By = 300; Tp is the Dingle temperature, and Mo =
2NB.

there is close proximity of the F'S near p, = p* to a cylin-
der (I = 4), the oscillations are sawtoothed and resemble
those occuring in 2D metals [5, 9] or originating from
cylindrical segments of the F'Ss in conventional 3D met-
als [17, 18]. Here, we have intentionally chosen such a
great value for the shape parameter to emphasize the dif-
ference between our result (14) and the expression (11)
obtained basing on the tight-binding model. Using the
latter one could easily describe sawtoothed oscillations
typical for 2D metals but only for small values of the
transfer integral ¢ (¢ < hw) when the FS crimping is neg-
ligible. The present result (14) shows that the oscillation
shape and phase may be determined not by the value of
t itself but rather by the form of the function e(p.d/h)
specifying the FS profile. The sawtoothed oscillations
in magnetization could occur at ¢ ~ hw, when the FS
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curvature becomes zero at an effective cross-section. To
ease the interpretation of this point one may imagine
a FS shaped as a step-like cylinder. The curvature of
such FS is everywhere zero, and oscillations from both
kinds of the cross-sections (with minimum and maxi-
mum cross-sectional areas, respectively) should be sim-
ilar to those in 2D metals. Nevertheless, the difference
in the cross-sectional areas (the FS crimping) could be
well pronounced, and a beat effect could be manifested.
Obviously, this effect is absent when ¢ < Aiw and the FS
warping is negligible.

Speaking of realistic Q2D conductors, it would be
rather uncommon to observe such close proximity of
their FSs near some effective cross-sections to a cylinder
as discussed above. We may rather expect the shape
parameter [ to take on values significantly smaller than
four. Nevertheless, the main result holds, namely, that
the local anomalies in the FS curvature may noticeably
change the shape of the magnetization oscillations. Some
features commonly expected to appear in nearly 2D met-
als (t < AQY) may be manifested in magnetic oscillations
in Q2D conductors at t ~ AS), originating from the spe-
cific FS profiles.

In summary, in the present work we analyze the effect
of the F'S shape on the de Haas — van Alphen oscillations
in Q2D conductors. Such analysis is important for there
exists a great deal of interest in studies of band-structure
parameters and other electronic properties of these ma-
terials. Usually, the tight-binding model for the electron
spectrum is employed to extract relevant information
from the experiments. This approximation has its limi-
tations, so some problems arise in interpreting the exper-
imental data [10]. An important limitation of the current
theory is that the latter misses the effects of the F'S geom-
etry assuming a simple cosine warping of the FS. Here,
we lift this restriction on the FS shape. We show that
the F'S profile may significantly affect the quantum os-
cillations in magnetization if the FS curvature becomes
zero at a cross-sectional area. Also, we show that main
characteristics of the oscillations are determined by two
different factors, namely by the FS curvature at the ef-
fective cross-sections and the transfer integral, whereas
existing theory takes into account only the latter. These
two factors work simultaneously, and their effects could
be separated. The proposed approach could be useful
in analyzing experiments on magnetization oscillations
in Q2D conductors, especially those where sawtooth fea-
tures in the oscillations are well pronounced (see e.g.

Refs. [9, 19, 20]). It could help to extract important
extra informations concerning fine geometrical features
of the FSs of such materials.
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